To study thermal adaptations in the cyanobacterium, Synechococcus sp. PCC 7002, we screened about 3,000 mutants for their tolerance to high temperature, and found one, SHT1, that is sensitive to high-temperature stress. The mutant had a modified gene construct in the endogenous plasmid, pAQ1. One of the four ORFs, ORF93, was duplicated, and its mRNA level was higher than in the wild type. At 38°°°°C, the growth of SHT1 was retarded as compared with the wild type, and above 38°°°°C, almost all the cells of SHT1 died. This temperature is much lower than that required for induction of heat shock proteins. Interestingly, in both the wild type and SHT1, the thermal stability of oxygen-evolving machinery increased upon acclimation to high temperatures. These findings indicate that the lack of thermal tolerance in the SHT1 strain is likely independent of the adaptation of the PSII complex and heat shock responses, whereas there are essential contributions of genes in the endogenous plasmid to the adaptation to high temperature. Thus, understanding the role of pAQ1 in the adaptation of Synechococcus sp. PCC 7002 to hightemperature environments is the first step in elucidating the function of this plasmid.
Introduction
To survive and retain optimal physiological activities under high-temperature conditions, plants, algae and cyanobacteria adapt by a variety of strategies. At the cellular level, they can sense high temperatures and transmit signals to express specific genes.
Heat shock proteins (Hsps) are thought important for adaptation to high-temperature stress in plants, algae and cyanobacteria (Kimpel and Key 1985) . In general, Hsps are synthesized at temperatures slightly lower than the lethal temperature. Also, some are known to act as molecular chaperones. For example, Hsp70 and Hsp60 bind partially unfolded polypeptides and assist in their correct folding in cooperation with Hsp40 or other cofactors under both normal and stressed conditions (Fink 1999) .
In addition, for photosynthetic organisms, heat stability of the PSII complex is also important for acclimation of the whole plant to high-temperature conditions, because heat-induced inactivation of the PSII complex is initiated by destruction of the manganese cluster that catalyzes the oxidation of H 2 O to oxygen (Nash et al. 1985 , Thompson et al. 1989 , Mamedov et al. 1993 . For example, it was demonstrated that cytochrome c-550 and 13-kDa proteins are responsible for retaining the thermal tolerance of cyanobacteria, grown at high temperature (Nishiyama et al. 1994 , Nishiyama et al. 1997 . Heat shock proteins do not likely contribute to this enhancement of heat stability of PSII (Nishiyama et al. 1999) . Although these mechanisms have been studied extensively, there still seem to be unknown mechanisms for the acclimation of photosynthetic organisms to high-temperature stress.
In this study, to further understand thermal adaptations in cyanobacteria, we searched for the genes essential for acclimation to high temperature using a genetic approach. To date, a variety of temperature-sensitive mutants (ts mutants) have been isolated by mutagenesis and used in studies on physiological processes. In all cases, however, the mutations were located on one or several amino acids. As a result, the enzymatic activities are retained under normal temperatures, but under high temperatures, replacement of amino acids results in detrimental structural changes causing inactivation of enzymes. Thus, the mutated gene is not directly related to the mechanism of hightemperature acclimation. On the other hand, insertional mutagenesis or the destruction of specific genes would lead to the identification of the genes directly related to thermal adaptation.
In this study, we isolated a mutant sensitive to high temperature, SHT1, from a library of tagged mutants of the cyanobacterium, Synechococcus sp. PCC 7002. At a moderately high temperature (38°C), the growth of SHT1 was significantly retarded compared with the wild type. We analyzed and characterized this mutant and found evidence for the contribution of an endogenous plasmid, pAQ1, to thermal tolerance in this cyanobacterium.
Results

Isolation of a mutant sensitive to high temperature
We screened about 3,000 mutants of Synechococcus sp. PCC 7002 with respect to their high-temperature tolerance, and found one (SHT1) that was sensitive to high-temperature stress. By plasmid rescue, we found that the mutation in SHT1 was located in a DNA fragment corresponding to part of an endogenous plasmid, pAQ1.
It has been suggested that the pAQ1 plasmid consists of four open reading frames, ORF943, ORF64, ORF71, and ORF93 ( Fig. 1a ; Akiyama et al. 1998a) . In SHT1, one of these ORFs, ORF93, was duplicated (Fig. 1b) . According to the nucleotide sequence of the mutated pAQ1, an insertion occurred upstream of the Sau3AI site at nucleotide (nt) 170 (Fig. 1c) , where we found an inserted plasmid consisting of the entire pBluescript II KS + and a DNA fragment stretching from the Sau3AI site at nt 4377 to the Sau3AI site at nt 170 of the original pAQ1. It is also possible that this plasmid was incorporated downstream of the Sau3AI site at nt 4377. Whichever the case, fragments spanning the Sau3AI site at nt 4377 to the Sau3AI site at nt 170 were present on both sides of pBluescript II KS + in the mutated pAQ1. As both fragments contained ORF93, duplication of ORF93 in the mutated pAQ1 occurred. This likely resulted from a single-crossover homologous recombination in the cyanobacteria genome (Thiel 1994) . Southern blot analysis indicated that except for the duplication of ORF93 in pAQ1, no other insertion of the pBluescript II KS + fragment occurred in the SHT1 genome (data not shown). The ratio of modified pAQ1 to native pAQ1 in the mutated Fig. 1 Gene constructs and a restriction map of Synechococcus sp. PCC 7002 plasmid (pAQ1) in the wild type and mutant sensitive to high temperature (SHT1). (a) pAQ1 in the wild type, (b) mutated pAQ1 in SHT1, and (c) restriction map of SHT1 from the SacI site at nt 3277 to the Sau3AI site at nt 170. The unique StuI site was set as nt 0. Arrows indicate the expected ORFs, which were determined by Akiyama et al. (1998a) , and the striped lines in (b) and (c) correspond to the full length of pBluescript II KS + . A nucleotide sequence corresponding to pBluescript II KS + was located between the Sau3AI site at nt 4377 and the Sau3AI site at nt 170, and about 600 bp Sau3AI-Sau3AI fragments including 300 bp ORF93 were located on both sides of the inserted pBluescript II KS + in the mutated pAQ1. Abbreviations for restriction sites Sc; SacI, Su; Sau3AI.
cells stayed constant (about 2.0) after several segregations (data not shown).
To ensure that the tandem location of ORF93 in pAQ1 caused the lack of thermal tolerance, we constructed a mutant (SHT2) in which an additional ORF93 was inserted to be duplicated in pAQ1 as in SHT1, by introducing pBluescript II KS + ligated with 600 bp fragment of pAQ1 from the Sau3AI site at nt 4377 to the Sau3AI site at nt 170. Based on a sequence analysis, we confirmed that the nucleotide sequence of the mutated pAQ1 in SHT2 was same as in SHT1. In SHT2, no modification other than this duplication occurred in the genomic and plasmid DNA, and the composition of modified pAQ1 to native pAQ1 in SHT2 was approximately 2 : 1 like in SHT1 (data not shown). The amount of native and modified pAQ1 in SHT2 was also same as in SHT1 (data not shown). The growth of SHT2 was also retarded at elevated temperatures (Fig. 2) . Thus, we confirmed the contribution of duplicated ORF93 to high-temperature tolerance.
Thermal tolerance of high-temperature sensitive mutants
We examined the growth characteristics of SHT1 and SHT2. At normal growth temperatures (30-34°C) and a relatively low temperature (20°C), these mutants grew at the same rate as the wild type. On the other hand, at elevated temperatures (36-38°C), they grew at a much slower rate than the wild type, and at temperatures over 38°C, showed almost no growth (Fig. 3) . Since the wild type of this cyanobacterium can survive at temperatures of up to 43°C, it is clear that the mutant lacked the ability to acclimate to high-temperature conditions. This finding demonstrates that ORF93 is related to high-temperature tolerance. To date, we have not found any similarity to other proteins in the Swiss-Prot and NBRF-PIR databases using the Blast program (Altschul et al. 1990 ).
PSII activity and net photosynthetic activity, measured in terms of the evolution of oxygen at 30°C, in the wild-type and SHT1 cells are shown in Table 1 . When the cells grew at 30°C, the PSII activity as well as the net photosynthetic activity was the same for the wild type and SHT1. These activities were also the same as for the wild type and SHT1 at 36°C. Thus, the catalytic activities required for the evolution of oxygen were not affected in SHT1.
We examined the thermal stability of the oxygen-evolving machinery in the wild type and SHT1. It was reported that the growth temperature has a key effect on the thermal stability of the PSII activity of wild-type cells (Nishiyama et al. 1993) . When the wild-type and SHT1 strains were grown at 30°C, they lost 50% of their oxygen-evolving activity on treatment at 43°C for 60 min (Fig. 4a) . On the other hand, when grown at 36°C, the temperature for 50% inactivation of oxygen evolution was 46°C for both strains (Fig. 4b) . Thus, the thermal stability of the oxygen-evolving machinery increased similarly in the wild type and SHT1 upon acclimation of the cells to high temperature. 
Gene expression of high-temperature sensitive mutants
To examine whether ORF93 is expressed in both the wild type and high-temperature sensitive mutants (SHT1, SHT2) and whether the tandem insertion affects its expression level, Northern blot analyses were performed. As shown in Fig. 5 , the mRNA of the ORF was estimated to be about 500 nt long. This indicates that ORF93 is expressed as a monocistronic mRNA. We also estimated the levels of mRNA and found that ORF93 was expressed more in SHT1 and SHT2 than in the wild type. Higher levels of mRNA in the SHT1 and SHT2 strains were observed in the cells grown at 30°C and at 36°C.
Discussion
In this study, we found that the modification of a cyanobacterial plasmid (duplication of ORF93 in pAQ1) resulted in a loss of the ability to grow at high temperature. This finding strongly suggests that ORFs in the pAQ1 plasmid affect the host cell sensitivity to high temperature.
Plasmids are widely distributed among prokaryotes, and carry information for autonomous replication. These functions have been well studied, mostly in E. coli (Sherratt 1974) . Plasmids also carry drug-resistance genes, virulence-associated factors, and so on. These functions are not essential, but play an important role in their host bacteria. Little is known, however, about the function of cyanobacterial plasmids, except for a few whose characteristics have been reported. For example, in the endogenous plasmid, pANL, in Synechococcus sp. PCC 7942, three open reading frames are found which are transcriptionally regulated by the sulfur content as well as the presence of a protein, CysR . Two of the open reading frames encode proteins homologous to the E. coli enzymes O-acetyl-Lserine(thiol)-lyase A and serine acetyltransferase, and can complement defects in cysteine biosynthesis in E. coli . In addition, the endogenous plasmid, pSY10, in Synechococcus sp. NKBG042902 undergoes salinity-regulated replication (Takeyama et al. 2000) .
Aside from these studies, there have been no reports concerning the direct contribution of plasmids to temperature sen- Table 1 Photosynthetic electron transfer activities of the wild type and SHT1
The PSII activity was measured by monitoring the evolution of oxygen in the presence of 1 mM 1,4-benzoquinone (BQ) and 1 mM K 3 Fe(CN) 6 . The net photosynthesis activity was measured by monitoring the evolution of oxygen without exogenous electron acceptors. Values are means SE of results from three independent experiments.
Reaction
Growth 
30
119± 6 1 1 3 ± 9 36 51± 2 6 1 ± 6 Wild type (open circle) and SHT1 (closed circle) cells at a density of 10 mg Chl ml -1 were incubated at the designated temperatures in darkness for 60 min, and oxygen evolution was measured at 30°C in the presence of 1 mM 1,4-benzoquinone and 1 mM K 3 Fe(CN) 6 . The numbers inside rectangles refer to temperature (°C) for 50% inactivation. sitivity to date. Several studies have demonstrated that mutation of the endogenous plasmid resulted in high-temperature susceptibility in mutant strains (Matsubara 1976) . In these cases, however, mutations were limited to one or several amino acids of the encoded protein, and the modified protein encountered more serious denaturation at increased temperatures than the wild-type protein, leading to the high-temperature sensitivity of the mutant strains. This does not imply a direct contribution of the affected proteins to high-temperature tolerance. On the other hand, our findings clearly demonstrate that modification of an open reading frame (duplication of ORF93 in pAQ1), which was not a point mutation, caused a loss of heat stability. With Northern blot analysis, we detected the ORF93 mRNA, and its content was much higher in SHT1 and SHT2 than in the wild type. Thus, it is reasonable to consider that ORF93 contributes to thermal stability, and that the mutant found here is quite a good system for studying the effects of the endogenous plasmid on high-temperature tolerance. The increase was more than we expected from the duplication of ORF93. In the modified plasmid, one ORF93 is accompanied by an approximately 300 bp non-translated sequence presumably including the regulatory region, but the other ORF93 is accompanied by only a 30 bp segment of the original sequence (Fig. 1c) . In the latter case, the nucleotide preceding the ORF93 is mostly replaced by pBluescript II KS + , resulting in the modification of the regulatory region of ORF93 to affect the regulation of ORF93 expression. This might be one major reason for the unexpectedly high expression of ORF93 in SHT1 and SHT2.
It is unlikely that the plasmid product enhances heat stability alone, since the increase in transcript levels did not allow the cells to tolerate high temperatures. In fact, markedly elevated levels of ORF93 mRNA decreased heat tolerance in the transformed cyanobacteria, when ORF93 was produced by the over-expressing system pAQ-EX1 (a RuBisCO promoter was inserted in pAQJ4-MCS, Akiyama et al. 1998b, personal communication) . In contrast, in E. coli, over-production of ORF93 with the pET system (Novagen, Darmstadt, Germany) did not affect the growth rate of cells at high temperature (data not shown). This suggests that the contribution of ORF93 to thermal stability is probably specific to cyanobacteria.
The nature of the ORF93 product is not clear at present. As judged from the deduced amino acid sequence, its molecular weight is 10,480 and its pI is 9.69, making it quite basic. The extremely high pI may indicate that this protein interacts with DNA. To clarify the nature of this protein, we tried to predict the secondary structure in three different ways using PHD programs at the EMBL PredictProtein server, LIBRA I program, and PSI-BLAST search. Although no strong similarities to other proteins were found, the predicted secondary structure suggests that it is an alpha-helical protein. Furthermore, an important feature was found. The N-and C-terminal regions of this protein are relatively basic and acidic, respectively, which strongly suggests that the ORF93 product has two significantly different functions. Most likely, it functions as a DNA-binding protein and interacts with other proteins. Similar regulatory factors have not been reported in cyanobacteria but the rice telomere-binding protein is known to have both basic and acidic regions in its N-and C-terminal regions (Yu et al. 2000) . If this is the case, overexpression of the ORF93 product may change the transcription levels of certain genes or modify the interactions among the signal transduction components. Even at a normal temperature, the modification of a component essential for adaptation to a high-temperature environment would result in a failure to respond to heat stress in SHT1 and SHT2. Twodimensional gel electrophoresis showed that one protein differed in content between the SHT1 and wild type, but this protein was not the product of ORF93 (data not shown). A gene knock-out experiment indicated that this protein did not directly affect the high-temperature tolerance (data not shown), but there would be some components with a modified expression, having important roles in tolerance to high-temperature stress. This finding suggests that the ORF93 product affects the expression of other genes. Modified regulation of protein synthesis due to the presence of the additional ORF93 could be one of the major reasons for the suppression of growth under high-temperature conditions. Interestingly, in both the wild type and SHT1, the thermal stability of the oxygen-evolving machinery increased upon acclimation of the cells to high temperatures. This suggests that a mechanism other than the acquisition of thermal stability of PSII functions to protect cyanobacteria against high-temperature stress. In addition, the lethal temperature is much lower than that needed to induce the production of heat shock proteins. This indicates that the viability of SHT1 at this temperature is likely independent of the heat shock response. From these findings, one could conclude that modification of pAQ1 is not directly related to heat tolerance responses including the expression of heat shock proteins, or the mechanisms responsible for thermal tolerance in PSII.
Although approximately 60% of the cyanobacterial strains examined to date contain one to eight plasmids, the plasmids remain phenotypically cryptic (Lau et al. 1980, Tandeau de Marsac and Houmard 1987) . Thus, the role of pAQ1 in the adaptation of Synechococcus sp. PCC 7002 to high-temperature environments provides the first clue as to the function of this plasmid.
Materials and Methods
Organisms and culture conditions Synechococcus sp. PCC 7002 was obtained from the Culture Collection of the Pasteur Institute (Paris, France). The cells were grown photoautotrophically at designated temperatures in medium A, as described by Stevens et al. (1973) . The cells were aerated with air containing 1% CO 2 and were illuminated with incandescent lamps. The growth of cells was monitored in terms of turbidity at 730 nm.
Construction of a DNA library and isolation of the SHT1 strain
We isolated total DNA from Synechococcus sp. PCC 7002 essentially according to the method of Williams (1988) , and partially digested it with a restriction enzyme, Sau3AI. The 500-700 bp DNA fragments were purified and ligated to the BamHI site of a vector plasmid, pBluescript II KS + (TOYOBO, Osaka, Japan), which carries an ampicillin-resistance cassette. This DNA library was used to transform cyanobacteria (Williams 1988) and then, transformed cells were segregated for a few cycles on plates of medium A containing 12 mg ml -1 of ampicillin. Mutants sensitive to high temperature were screened by examining the growth of each transformant under normal and high-temperature conditions. We isolated SHT (sensitive to high temperature) 1. From SHT1, the mutated gene ligated to a plasmid vector was rescued, and was propagated in E. coli to determine the nucleotide sequence.
Nucleotide sequence analysis
We determined the nucleotide sequence of a mutated gene in a rescued plasmid using the dideoxy sequencing method (Sanger et al. 1977 ) with a DNA sequencer (ABI PRISM 310, Genetic Analyzer, Perkin-Elmer, Applied Biosystems, Foster city, CA, U.S.A.). The cycle sequencing reactions were performed with the dye terminator and thermal cycler (Perkin-Elmer, Applied Biosystems).
Heat treatment and measurements of photosynthetic activity
The cells in medium A at a concentration corresponding to 10 mg Chl ml -1 were incubated in darkness for 60 min at designated temperatures. After incubation, the suspension was promptly cooled to 30°C, and used to measure the evolution of oxygen. The measurement was made by monitoring the concentration of oxygen with a Clark-type oxygen electrode. Net photosynthetic activity in the cells was measured at 30°C in medium A without any exogenous electron acceptor. The PSII activity in the cells was measured at 30°C in medium A that had been supplemented with 1 mM 1,4-benzoquinone and 1 mM K 3 Fe(CN) 6 . Concentrations of Chl were determined as described by Arnon et al. (1974) .
RNA isolation and Northern hybridization
Total RNA was isolated from the wild type and mutants principally as described by Golden et al. (1987) and Ausubel et al. (1987) . A 50 ml culture was harvested at the exponential phases (O.D. at 730 nm, 0.5) and immediately cooled in liquid nitrogen. The following procedures were performed at 0-4°C. The frozen cells were resuspended in 1 ml of 50/100 TE buffer (50 mM Tris-HCl, pH 7.5, and 100 mM EDTA). After the addition of 0.2 ml of chloroform, the suspension was kept on ice for 5 min, and then centrifuged at 1,700´g for 10 min. The aqueous phase and chloroform were discarded and the cells were mixed with 1 ml of lysis buffer (50/100 TE, 0.1% SDS, 0.5% sarcosylate-Na, and 0.125% Triton X100), glass beads and phenol. The suspension was vigorously mixed twice for 3 min with a 1 min break on ice, and after the addition of 1 ml of chloroform, the extraction was repeated. The homogenate was then centrifuged at 1,700´g for 15 min, and the supernatant was collected and extracted with phenol and chloroform. The supernatant was collected again, mixed with twice the volume of ethanol, and kept at -20°C overnight. Total RNA was collected by centrifugation at 20,000´g for 20 min. The pellet was washed with 70% ethanol, dissolved in 0.25 ml of TE containing 2.0 M LiCl, and left on ice for 2 h, and then the solution was centrifuged at 20,000´g for 20 min. The precipitated RNA was redissolved in 10 ml of TE after a wash with 70% ethanol. This total RNA solution was kept at -20°C before use in RNA blotting.
For Northern hybridization, total RNA was denatured with formaldehyde at 65°C, and 20 mg in each lane was separated in a 1.0% agarose gel containing formaldehyde. The separated RNA was then transferred to a nylon membrane (Hybond-N + , Amersham, Piscataway, NJ, U.S.A.). After the membrane had been prehybridized in a solution containing 2% blocking reagent, 50% formamide, 5´SSC, 0.1% (W/V) N-lauroylsarcosine, and 0.02% (W/V) SDS at 42°C for 3 h, it was hybridized with a DIG (digoxigenin)-labeled DNA probe at 42°C for 20 h. After hybridization, the membrane was washed and assessed according to the method suggested by the manufacturer of the DIG Luminescent Detection Kit (Boehringer Mannheim GmbH, Mannheim, Germany).
